INTRODUCTION
Magnetic resonance imaging (MRI) of the cardiovascular system is safe, non-invasive, does not require ionizing radiation, and offers high soft-tissue contrast. In cardiac cine imaging, data collection is conventionally synchronized with an electrocardiogram (ECG) (1) and segmented over multiple cardiac cycles using either prospective ECGtriggering or retrospective ECG-gating (2) . Prospective ECGtriggering acquires a fixed number of cardiac phases that is defined before the scan based on an assumed heart rate and, therefore, is adversely affected by heart rate changes. For example, late diastolic phases may be missed if the heart rate is assumed too high, or triggers may be missed if it is assumed too low. Conversely, ECG-gated data are continuously acquired and retrospectively sorted in cardiac phases, allowing visualization of the entire cardiac cycle (3) . Both methods critically rely on accurate detection of the ECG R-wave as a trigger to produce diagnostic-quality images. However, the ECG signal may be distorted by many factors including rapid switching of magnetic field gradients, pulsing of radiofrequency fields (4-6), magneto hydrodynamic effects (7), bulk motion, and arrhythmias, all potentially contributing to decreased image quality.
Recently, ECG-triggered cine MRI was used to measure coronary endothelial function (CEF) (8) . Abnormal CEF is a marker for subclinical atherosclerotic disease, an independent predictor of cardiovascular events (9) , and as such, endothelial function is often considered a "barometer" of vascular health (10) . Healthy coronary endothelium responds to specific stressors with nitric oxide (NO) release that results in coronary vasodilation and increased blood flow (11) . Conversely, abnormal endothelium responds to the same stressors with decreased NO release, reduced coronary vasodilation (or vasoconstriction), and attenuated blood flow. CEF was conventionally imaged in the cardiac catheterization laboratory where high spatial and temporal resolution could be achieved during the administration of an endothelialdependent stressor (12) . However, the invasive nature of traditional catheterization-based methods often precludes the acquisition of CEF measures in healthy and low-risk populations and therefore limits the impact on clinical practice. A non-invasive method that combined ECGtriggered cine MRI and isometric handgrip exercise (IHE) (13) , an endothelial-dependent stressor (14) (15) (16) , was introduced to quantify CEF (8) . In healthy subjects, IHE induced significant coronary dilation and increased blood flow as detected by MRI measures of lumen crosssectional area (CSA) and peak-diastolic coronary flow velocity. Conversely, coronary artery disease (CAD) patients showed unchanged or decreased CSA and flow velocity during IHE. Those MRI-based CEF measures were shown to be primarily NO-dependent, reproducible and impaired in patients with CAD (16, 17) .
However, cine MRI-CEF methods (8) are critically dependent on ECG triggering and subject to all the aforementioned factors that can degrade ECG signal quality (4) (5) (6) (7) . Particularly during IHE stress when the heart rate increases, the operator may fail to update the heart rate of the ECG-triggered sequence and muscular activity of the upper body may become an additional source of ECG artifacts. These may lead to missed or erroneous triggers and hence reduce image quality, prolong scan time, degrade CEF measures, and, more rarely, require scan repetitions.
ECG-independent methods for cardiac MRI could solve the above-mentioned issues in MRI-CEF measurements. Early ECG-independent approaches acquired extra echoes or projection images interleaved with image data readouts (18) (19) (20) . From these additional acquisitions, a cardiac signal could be detected directly at the level of the heart and used for self-gating (SG). Self-gated Cartesian acquisitions required modification of the sequence timing to accommodate additional free induction decay (FID) sampling (kspace center) (21) (22) (23) (24) , resulting in slightly reduced scan efficiency. Larson et al. (25) extracted a cardiac gating signal from the image data themselves by using k-space center samples from a radial acquisition for the first time without the need for additional acquisitions. Those kspace-center-based approaches require careful selection of receive coil elements to obtain SG data, because the signal from each coil has a different sensitivity to cardiac motion. To overcome this limitation, other radial techniques used image-based methods to obtain SG signals by matching regions of interest on high-temporal/low-spatial resolution images extracted from the same image data before retrospective sorting. Such methods were successfully used for cardiac (26) and coronary endothelial (27) function assessment. However, they require additional reconstruction steps (for the low-resolution images) and user interaction to delineate the region of interest. Yet self-gating has not been applied to spiral cine imaging of the coronary arteries for CEF assessment and the current spiral technique predominantly used in the MRI-CEF literature (8, 16, 17, 28, 29) still relies on the ECG for cardiac gating.
Here, we propose an SG method that does not need user interaction and automatically extracts a cardiac signal from a multi-coil set of k-space center signals using an independent component analysis (ICA) (30) . Instead of a radial trajectory, we use a more efficient spiral readout that also samples the center of k-space at the beginning of every acquired interleave without the need for extra acquisitions. Each spiral arm is continuously rotated by the golden angle (GA) with respect to the previous one and divides the largest azimuthal gap present in the preceding set of acquired arms. This scheme allows continuously acquired data to be sorted into an arbitrary number of cardiac phases whereas k-space coverage of each cardiac phase approximates uniformity, as samples are very evenly distributed for an arbitrary number of arms (31) . This technique eliminates the need for ECG triggering during cine MRI and is referred to as SG-GA (32) . However, when ECG triggers are available, they can be used with the same acquisition for retrospective gating (ECG-GA). The new SG-GA method was tested in healthy volunteers at rest and during IHE in an established MRI-CEF protocol. Heart rate parameters, image quality (vessel sharpness), and CEF measures were all compared among the SG-GA, ECG-GA, and the gold-standard ECG-triggered spiral cine (8) (ECG-STD) approach.
METHODS
The proposed self-gating approach relies on a continuously acquired golden angle (137. 51 ) interleaved spiral sequence to obtain k-space center amplitude values from all receive coils at the beginning of each spiral readout. From these amplitudes, a cardiac signal is extracted and heartbeats are identified to retrospectively sort readouts into cardiac phases before cine image reconstruction.
Cardiac Self-Gating
For self-gating, the acquisition window was modified to begin sampling before the spiral readout gradient starts (Fig. 1) . This enables the acquisition of an FID signal in the $30 ms gap between the end of the slice-selective refocusing gradient and the spiral readout gradient, when no gradient is applied, and all excited spins are coherent. This short gap is present in the standard sequence by default to let short-term eddy currents decay before data are acquired. In general, 9 to 15 self-gating samples were acquired before each spiral arm. The number of acquired samples varies between acquisitions as the sampling dwell time depends on the off-center position of the imaging volume. The absolute value of the 9-15 SG samples was averaged to obtain a SG value for each coil. These values were recorded during the entire scan for each interleave, providing a set of signals as shown in Figure 2a . We assume that the amplitude changes are attributed to cardiovascular activity, such as cardiac contraction and fully relaxed blood flowing into the imaging slice (19) , and other factors like magnetization variation because of steady state. All these signal components are present and mixed together in the SG signal from each coil. However, the intensity of each component in the SG signal is weighted by its coil sensitivity, and therefore by the coil position with respect to the source of signal fluctuation (e.g., the heart for cardiac activity). Independent component analysis (ICA) (30) is a blind source separation technique that is adopted to FIG. 1. Sequence diagram of one repetition of the golden angle variable density spiral sequence. Self-gating samples are acquired during a gap at the end of the rephasing lobe of the spatialspectral excitation pulse and before spiral readout gradients. This $30 ms gap is currently applied by default to let short-term eddy currents decay before starting data acquisition. Therefore, kspace center data are obtained for each spiral interleave and without changes in sequence timing.
separate individual components hidden in a set of mixed signals by exploiting their statistical characteristics. An example usage is the separation of individual voices (sources) from a redundant set of recordings of a group of people that are talking in a room. Similarly, here we test the hypothesis that ICA separates the individual sources related to cardiac activity and other factors (33) by exploiting the redundancy of a multi-coil set of SG recordings. We used the FastICA algorithm (34), a free GPL MATLAB (The MathWorks, Natick, MA) program available at https://research.ics.aalto.fi/ica/fastica/, to reduce the 32-coil signal set to 5 components. The number was chosen empirically to obtain a good estimation of the main sources of variation in the FID signals, including the one related to cardiac motion. The resulting number of independent components was fixed at 5 for all volunteers but the order in which the independent components were extracted varied at each execution (30) , and so the cardiac component was selected based on its frequency content. Figure 2 shows an example of 32 SG signals (Fig. 2a ) that are reduced to 5 independent components ( Fig. 2b) with fluctuations related to magnetization variation because of steady state (#1), other sources of variation (#2, #3), and cardiac activity (#4, #5). The component with the highest spectral power within the band from 0.5 to 3.5 Hz, as expected for the heart rate, is automatically selected as the cardiac component for self-gating (Figs. 2c and 2d). Next, in a 2-step process, the different heartbeats are first identified and then a trigger is selected for each beat. Before processing, the selected cardiac component was 4-fold interpolated using low-pass filtering and mean-square error minimization (interp function from MATLAB) (35) to increase temporal resolution and potentially improve trigger detection and padded at the extremities with hundred first and last same signal sample copies to minimize filter distortions at the two signal borders (36) . To identify heartbeats, the signal was processed with a 6 th -order bandpass Butterworth filter with a narrow band (cutoff frequencies: 0.5 and 2 Hz). Main peaks corresponding to cardiac beats were then detected using the findpeaks function from MATLAB (Fig. 2e ). To identify trigger points, similar filtering was performed on the cardiac component yet with a wider band to allow higher frequency components in the signal and preserve rapid signal changes for the identification of the trigger (cutoff frequencies: 0.5 and 5 Hz): at each main peak position, two points with highest derivative were selected on the rising and the falling edge (red and blue circle markers, Fig. 2f ). Either the rising or falling edge was chosen as the final trigger points, depending on which had the higher average absolute derivative. This last wide-band filtered signal is referred to as the cardiac SG signal because it is the one used to detect the final triggers. The SG processing was performed in MATLAB.
MR Experiments
All human studies were approved by the Johns Hopkins School of Medicine Institutional Review Board and written consent was obtained from all study subjects. In vivo experiments were performed in 10 healthy volunteers (7 women, 24 6 5.5 years, with no history of heart disease, hypertension, or diabetes, and non-smokers) on a 3T clinical scanner (Achieva, Philips Healthcare, Best, the Netherlands) with 2-channel multi-transmit excitation and a 32-channel cardiac coil array for signal reception.
FIG. 2.
Main steps of the self-gating method. The k-space center amplitude is recorded during the scan for all receive coils (a). Independent component analysis is applied to reduce the set of signals into fewer components (b). The component with highest spectral power in the cardiac frequency range is selected (c and d). The cardiac component is band-pass filtered with a narrow band to detect heartbeats (main peaks, e). The cardiac SG signal is obtained after pass-band filtering the signal in (d) with a wider band. Here, high prominence peaks are found and cardiac triggers are identified on either the rising or falling edges of the detected high prominence peaks where the signal derivative is maximized or minimized steepest point on the edge (yellow signal, f).
CEF assessment of the proximal right and left coronary arteries was performed in the morning after overnight fasting as described previously (8) , with the 3 methods (ECG-STD, ECG-GA, SG-GA). Cine images perpendicular to a proximal, straight segment of left anterior descending (LAD) artery were prescribed perpendicular to an axial plane on a 3D whole-heart MR angiogram. On the same whole-heart scan, the 3-point tool (37) was used to prescribe a targeted scan of the right coronary artery (RCA) where cine images were in turn prescribed perpendicular to a proximal, straight segment of the RCA. Single breath-hold cine images for cross-sectional coronary artery area measurements were performed at rest and during 5-8 min of IHE at the same location. Each subject performed sustained isometric handgrip exercise by squeezing an MRI-compatible dynamometer (Stoelting, Wood Dale, IL) at 30% of his or her maximum grip strength under direct supervision (13) .
For each subject, a total of 8 cine acquisitions were performed: acquisitions in each of 2 arteries (RCA and LAD), with 2 acquisition types each (the gold-standard and the proposed golden angle sequence), and all 4 of those acquisitions were obtained both at rest and during IHE. Therefore, for 10 subjects, there were 80 acquisitions ( ¼ 10 subjects Â 2 arteries Â 2 acquisition types Â 2 conditions [rest/IHE]). Because the data from the golden angle sequence were reconstructed 2 different ways, once using triggers from the proposed SG algorithm, and another using triggers from the simultaneously acquired ECG signal, a total of 120 cine data sets were collected (ECG-STD, ECG-GA, and SG-GA images of the RCA and the LAD at both rest and during IHE in 10 subjects).
The gold-standard ECG-triggered gradient echo 2D spiral sequence (ECG-STD) was acquired as described before (8) with the following protocol parameters: spatial resolution ¼ 0.89 Â 0.89 Â 8 mm 3 , field of view ¼ 220 mm, pulse repetition time (TR)/echo time (TE) ¼ 18/2.1 ms, acquisition window ¼ 13 ms, $20 s breath-hold duration, 1-2-1 binomial spectral spatial water excitation, 20 radiofrequency excitation angle, and 30-60 cardiac phases depending on the heart rate. Images were obtained at the scanner using the vendor gridding reconstruction.
For the ECG/SG-GA methods, a golden angle variable density 2D spiral gradient echo sequence was acquired continuously without ECG-synchronization. An Archimedean 2D spiral trajectory with variable density sampling (38) was used such that the central region of kspace (up to 15% of the normalized radius) is fully sampled in 18 interleaves (arms) with respect to the defined field of view, and then the sampling density linearly decreases 1.5-fold till 30% of the normalized radius and stays constant thereafter.
The acquisition was matched with ECG-STD for spatial resolution and acquisition time whereas other protocol parameters included: field of view ¼ 400 mm, TR/ TE ¼ 22/1.87 ms, acquisition window ¼ 16.6 ms, $20 s breath-hold duration, 875 golden angle rotated spiral interleaves, 1-2-1 binomial spectral spatial water excitation, and 15 radiofrequency excitation angle. Data were retrospectively sorted into 40 cardiac phases with 50% sliding window using triggers from the ECG signal for ECG-GA images and SG-triggers according to the abovedescribed self-gating algorithm for SG-GA images. Beatto-beat heart rate variability was taken into account using non-linear stretching of the data time stamps for ECG-GA (39) and a linear model for SG-GA. Both ECG-and SG-GA images were reconstructed using non-Cartesian SENSE (40) in the graphical programming interface (GPI) (41) . Before reconstruction, data were compressed into 10 virtual channels (42) and coil sensitivity maps were generated from a central k-space region, within a 10% normalized radius, using all 875 spiral arms. All cine frames obtained with the ECG-STD and ECG/SG-GA methods were processed using a deblurring algorithm (43) that was centered at the level of the coronary lumen, before data analysis. This deblurring algorithm aims to estimate and remove phase accrual in k-space because of local off-resonance frequency without the use of an additional field map. Specifically, first the cine images were blurred modulating the acquired k-space phase with 21 different frequencies from À50 to 50 Hz. Then, the frequency minimizing the sum of the square root of the imaginary part of the voxels in a 5-mm radius around the vessel was chosen to deblur the image.
Heart rate and blood pressure were measured at rest and during exercise using a noninvasive and MRIcompatible electrocardiogram and calf blood pressure monitor (Invivo, Precess, Orlando, FL). The rate-pressure product (RPP) was calculated as systolic blood pressure Â heart rate and this was determined both at rest and during IHE stress.
Data Analysis
To assess the quality of self-gating, the approach of Larson et al. (25) that analyzes trigger times was adapted here to compare heartbeat intervals (time between sequential heart beats) detected with self-gating (x) to those from the ECG (y) (time between two detected R-waves or R-R interval) using metrics for accuracy and precision: mean(jx-yj) and standard deviation(x-y), respectively.
Image quality was assessed with a measure of vessel sharpness quantified at the interface of lumen and surroundings as the maximum image gradient along 32 radial spokes (27, 44) . Coronary artery CSA measurements were performed using the semi-automatic Cine tool (General Electric, Milwaukee, WI) based on the fullwidth-half-maximum algorithm. Percent change of CSA between rest and IHE was quantified as a measure of CEF (8) . Vessel sharpness and CSA were determined in 3 diastolic frames with minimal coronary motion and averaged. Although these frames are selected in diastole from both rest and exercise scans, it should be noted that they may not be acquired precisely at the same moment because rest and exercise images are acquired during different breath-holds, with different heart-rate and quiescent periods. This may result in subtle anatomical differences between rest and exercise frames.
Statistical Analysis
Linear correlation between heartbeat intervals obtained from SG and the ECG was assessed using Pearson's correlation coefficient (CC) with P < 0.05 considered as statistically significant.
Comparisons among the 3 methods (ECG-STD, ECG-GA, and SG-GA) for vessel sharpness and CSA, separately at rest and during exercise, and CSA change were performed using one-way repeated measures ANOVA and Bonferroni's multiple comparison tests. These tests performed paired comparisons across the 3 methods (i.e., only the measurements that could be obtained from all 6 acquisitions, 3 methods at both rest and exercise, were included in the analyses). Additionally, CSA measurements and percentage CSA change were also evaluated among the 3 methods using Bland-Altman plots and linear regression fits. Two-tailed paired Student's t-test was used to compare RPP between rest and IHE. Statistical analyses were performed in Prism (version 7, GraphPad Software, La Jolla, CA) with a ¼ 0.05 as significant threshold and significant difference indicated as *P < 0.05, **P < 0.01, and ***P < 0.001.
RESULTS
RPP measured at rest was 8,055 6 318 mmHg Â beat/s (average 6 standard error of the mean [SEM]) and increased 37% during IHE stress (11,047 6 595 mmHg Â beat/s, P < 0.001).
Out of the total 80 attempted scans, 1 ECG-STD acquisition and 1 ECG/SG-GA acquisition for the same RCA segment could not be acquired because of time constraints during exercise. As a result, for self-gating performance assessment, 39 of 40 ECG/SG-GA acquisitions were available for the comparison of self-gating with the simultaneously acquired ECG signal. For vessel sharpness and CEF assessment, 5 other scans were discarded: 3 ECG-STD acquisitions on the LAD and 2 ECG/SG-GA acquisitions (1 on the LAD and 1 on the RCA) were found to have insufficient image quality during processing. Overall, 7/80 scans were discarded or not available, affecting 6 different coronary segments. As a result, 14/ 20 imaged coronary segments provided good quality in all 6 data sets (ECG-STD, ECG-GA, and SG-GA images at rest and during IHE) and were considered for analysis (84/120 total reconstructed cine data sets).
The processed cardiac SG signal from an exemplary golden angle acquisition shows high correlation with the simultaneously acquired ECG (Fig. 3a) . Agreement between heartbeat intervals of the 2 gating signals is confirmed by the linear regression with high cross-correlation as well as small values for accuracy and precision (Fig.  3b) . Self-gating could successfully be performed in all 39 GA acquisitions. In all subjects studied, self-gated heartbeat intervals showed significant (P < 0.0001) and high correlation with those from the ECG. The summary findings were: CC ¼ 0.93 6 0.01, precision ¼ 7.7 6 0.5 ms, and accuracy ¼ 9.1 6 0.7 ms. Scans performed during exercise had slightly worse values (Fig. 3c) .
Representative images of the proximal LAD (Fig. 4 ) and RCA (Fig. 5 ) in a diastolic frame depict coronary anatomy with sharp coronary lumen borders (zoomed insets) across all methods and for both rest and exercise conditions.
Overall, high image quality and vessel sharpness were observed. Vessel sharpness was similar and not reduced for the new SG-GA method as compared with that of the two ECG-dependent approaches (ECG-STD and ECG-GA) at rest (Fig. 6a) . Of note, mean vessel sharpness of SG-GA and ECG-GA were significantly higher than those of the reference ECG-STD method during IHE stress (P < 0.05, Fig. 6b ).
On average, SG-GA images provided coronary CSA values that were not statistically different than those measured in ECG-GA images, and both were in agreement with those obtained in the gold-standard ECG-STD images both at rest and during IHE stress (Figs. 7a and   7b ). Mean CSA derived from GA acquisitions trended higher than those from ECG-STD, but the differences were not significant. Critically for CEF measures, average percentage CSA changes during IHE obtained with the self-gated approach were not significantly different than those with ECG-gating and gold-standard ECG-triggering (Fig. 7c). Figures 8, 9 , and 10 show Bland-Altman plots and linear regression analysis between the 3 methods. CSA measures at rest (Fig. 8 ) and during IHE (Fig. 9 ) showed good agreement of the golden angle methods with ECG-STD in Bland-Altman plots with a nonsignificant bias of $1 mm 2 and good correlation in linear regression fits with R 2 ! 0.8 (first and second column, Figs. 8 and 9 ). Agreement between SG-GA and ECG-GA measures was found higher with negligible bias and strong correlation (third column, Figs. 8 and 9 ). For CEF, percentage CSA changes showed good agreement and correlation between golden angle methods and ECG-STD (with <1% bias and R 2 > 0.7, first and second column, Fig. 10 ), whereas stronger agreement and correlation was observed between the golden angle methods (third column, Fig. 10 ).
DISCUSSION
ECG-synchronization is used in nearly all current clinical cardiac MRI acquisitions to compensate for cardiac motion, but many factors can degrade the ECG signal and ultimately image quality and thereby increase exam time or reduce the amount of useful information obtained. We report here the first self-gated spiral cine MRI technique and apply it to coronary artery imaging. Specifically, the self-gated spiral approach was developed and tested for coronary endothelial function assessment and was compared with the gold-standard ECGtriggered sequence in healthy subjects. This self-gating approach automatically isolates a cardiac signal from fluctuations of k-space center amplitude by means of independent component analysis. Heart rate parameters determined by self-gating showed high accuracy, precision, and correlation compared to those derived from a simultaneously acquired ECG. Vessel sharpness measured on images obtained with the proposed self-gated technique was as good as those obtained with the standard ECG-dependent sequence and significantly higher during exercise. CEF measurements obtained with the proposed technique were in agreement with those from the standard ECG-triggered sequence.
In this contribution, we combined SG exploiting kspace center sampling with spiral imaging. We adopted spiral imaging, already present in the gold-standard MRI-CEF sequence (8, 45) , because of its scan efficiency, high SNR, robustness to motion and aliasing, and improved depiction of coronary arteries when combined with spectral spatial pulses (46) for epicardial fat suppression. Glover and Lai (47) used the phase of the first few samples of each spiral readout for self-navigated correction of fMRI data. Because the first sample of a spiral readout starts at k-space center, this is a reasonable choice to obtain an FID signal without sequence modification. However, sequence imperfections and gradient delay offsets may alter FID amplitude fluctuations that would otherwise primarily reflect physiological motion. To overcome this limitation and sample a longer and theoretically more robust FID signal, we extended the acquisition window to sampling earlier during the existing, short gap after the slice-select refocusing gradient and before the onset of the readout gradient while no gradients are played out, without prolonging the repetition time. To extract cardiac motion information from the recorded FIDs, the proposed method exploits the redundancy of the multi-coil acquisition by using ICA, under the assumption that the sought hidden components (cardiac activity, radiofrequency field inhomogeneity, steady-state magnetization variation, etc.) (48) are statistically independent. In comparison to other methods, ICA avoids the need for tailored filtering methods (21,49) or manual selection of specific coils from which the sought physiological components are expected to be the major contributors to the k-space center signals (i.e., coils closer to the chest/heart) (49, 50) . A method that extracts a cardiac signal directly from the FID coil signals, without ICA, is another approach but would require more demanding filter parameters because of the larger frequency content of the FID signals and is expected to exhibit lower performance. Alternatively, principal component analysis (PCA) has also been used for self-gating from intensity projections in cine imaging (51) . The use of PCA alone was not pursued in this study, because it is part of the FastICA implementation used here (34) and serves as a preprocessing step to reduce the size of the FID signals (32 original to 5 signals). In general, PCA identifies the signals with main variation, then ICA takes such reduced set of signals and, by iteratively maximizing their non-Gaussianity, separates the hidden components (30) . However, despite a high performance of the proposed SG method, the cardiac trigger for ECG-gating (R wave) always corresponds to the beginning of systole, whereas the SG trigger (steepest edge of the main peaks) can be anywhere in the cardiac cycle. Furthermore, Feinstein et al.'s model (39) , which improves retrospective sorting by non-linear stretching of heartbeats with different durations, cannot be used because the position of the SG trigger does not necessarily correspond to beginning of systole.
In comparison to image-based SG approaches (25-27,52), there are two main advantages of FID-based methods. First, because multiple readouts have to be combined to obtain an image for SG, FID-based SG methods benefit from a higher temporal resolution (i.e., the repetition time). Second, image-based methods usually require manual interaction to identify the region of interest or the profile on the real-time SG images used to extract the gating signal by means of template matching or cross-correlation. Yerly et al. (27) reconstructed images for SG every 10 ms with a sliding acquisition window of 88 ms (15 radial profiles). Although their approach requires manual interaction for the above-mentioned reasons, the authors report similar precision to the method proposed here ($10 ms). Nevertheless, an adaptation of previously proposed image-based approaches with radial imaging (26, 27) to the spiral trajectory used here would be of interest and would allow for direct comparison of different self-gating methods. This was not performed because of the limited sample size and different focus of this study and remains to be investigated.
Another advantage of the proposed golden angle spiral cine MRI technique is the ability to use either ECG-or SG-extracted triggers without having to decide beforehand. Compared to the radial golden angle trajectory (27) , whose rapidly changing gradients corrupted the ECG in 15 of 18 investigated subjects, the spiral golden angle trajectory used here allowed the detection of ECG triggers in all 39 acquired ECG/SG-GA scans.
Nevertheless, it is desirable to have an alternative gating method that allows one to obtain useful images even when the ECG signal is not available or gets corrupted during the scan. This is especially important for measures of coronary endothelial function that introduce a stressor like IHE that may cause ECG artifacts.
CSA values measured with the proposed GA methods showed good agreement and high correlation with the gold standard approach. Although not statistically significant, a small bias was observed in the Bland-Altman analysis. This may be caused by differences in the image uniformity scaling in the vendor image reconstruction of the ECG-STD method and the offline reconstruction of the GA methods, leading to different signal intensity levels used in the FWHM algorithm. This is corroborated by a minimal bias between ECG-GA and SG-GA CSA values, when the same reconstruction method was applied. Critically, for CEF measures, the percent CSA change of the GA approaches was not statistically different than those obtained with ECG-STD and high correlation was found among the three techniques.
In terms of robustness of the acquisitions, only 3 of 39 ECG-STD scans and 2 of 39 GA acquisitions were discarded and this was because of poor image quality because of a non-perpendicular orientation to the vessel that was appreciated only at the time of analysis.
A potential limitation of the method is the relatively long duration of the breath-holds. Here, we performed 20-s breath-holds, the same as the current gold-standard. Although the 20-s breath-holds were well maintained by the participants in this study, it may be too long for certain patients. It is important to emphasize that the breath-hold duration of self-gated acquisitions is not prolonged over standard ECG-gated acquisitions.
An advantage of the golden angle method, however, is that it continuously increases the sampling density in kspace the longer the acquisition. With the same golden angle approach, it is possible to increase patient's comfort and shorten the breath-hold duration by homogenously undersampling the acquisition and allowing reconstruction with state-of-the-art parallel imaging or compressed sensing approaches (40, (53) (54) (55) .
CONCLUSIONS
A novel self-gated golden-angle spiral cine MRI technique was developed and tested against a standard ECGdependent sequence for coronary imaging and CEF assessment in healthy volunteers. The proposed selfgating approach exploits independent component analysis of k-space center information, recorded without prolonging the acquisition time, to automatically extract cardiac triggers. The self-gating derived heart rate parameters were equivalent to those from a simultaneously recorded ECG. The new spiral cine MRI can use triggers from either self-gating or ECG for retrospective gating with improved flexibility in terms of heart rate changes during stress. The obtained GA images showed vessel sharpness at least as good or better than that of the standard ECG-dependent method. CEF measures obtained without ECG were in agreement with those obtained with the published standard sequence. Evaluation of the technique in patients with cardiovascular disease is warranted.
